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g0, Leuns  NPBolf 663 (2001)

Here ¢ and j are SU/{2); indices, and ¢° stands for either the hermitian conjugate or the
Dirac adjoint of . Any AL = 2 effective operator will have one of these basic fermion
bilinears accompanied by a product of other fields which is neutral under color and carries
a not barvon number of zero, We clagsify the effective neutring mass operators according
to the number of fermion fields they contain. Three separate groups can be identified: (i)
operators containing L'L? and no other fermion fields; (i) operators containing four fermion
fields; and (iii) operators containing six fermion fields. Operators containing four or more
fermion bilinears have dimension 12 or higher and will not be considered here because, as
mentioned above, the neutrino masses generated by such operators will be constrained by
limits on lepton flavor violation to be typically much smaller than 0.08 ¢V and will not be
that interesting for the current neutrine oseillation phenomenology., In case (i), neutrino
masses will arise at tree level. In case (ii), one pair of fermion fields must be anmbilated to
sonerate noutrine masses, which will therefore arise at the one-loop level. And in case {iii),
which requires the annibilation of two fermion pairs, neutrino masses will arise as two-loop
radiative corrections,

(i) With L'L’ not accompanied by any more fermion fields, one obtains the well-known

ditmension five operator for neutrino mass [6]:
Oy = LU Hewey 4= DN 5 (3)
(1) Operators with four fermion fields are:

Oy = L' LY Hle e i ‘J{
' ke prl "h'iﬁ
Oy = (L' Q" Heyyery, L'L/Q " H eine}

o= {L‘L"Q.-TFHJ‘-E:J;. 'L Qp,-li‘:ff"'eu}

ﬂﬁ - LILJ{?J'dEHrHHIH;EﬂEjm

O = D' L Qi H HE i
O = LLQIE?QEHE HJHmflﬂfjm
Oy = Lieucd" Hley "‘31 ﬁq: (4)



for the generation of neutrino masses. Nevertheless, we wish to list such AL = 2
operntors of the lowest dimension, which turns out to be 7. They are (LTe,, L) H HB*,
(LTa LYHHW™ (LYCD,DPLYHH, and (54, D*LYHHH. Here B and W** are
the {1}y and SU/(2); field strength tensors and we have suppressed the SU/(2);
indices for simplicity. Although we have only shown operators with the covariant
derivative acting on & specific field, it is understood that one should include similar
operators with the covariant derivative acting on the other felds. For example, the
third operator listed above includes (LTCL)( D, H)(D*H), and the fourth operator
imcludes (ef~, L)(D*H)HH, and s0 on.

{1ii}) We now procesd to write down the operators with six fermion fields through dimen-
gion 11. The procedure we follow is analogous to the case of the operators containing four

fermion felds. There are 12 such operators at the dimension 9 level:

Oy = L' LY Lieeyen

O = L' LY QP ey

O = {LPQ Q' Teyen, L'UQEQ deue)
O = (L' LQuirQuiF, L' QuurQnite e’}

Oy = LiLAQ L ey

O = {L' P Qi@ ey, L'LQuir(ld e}

O = LA LML aive,

Qi = L' Le"d"eticey

Oy = L' L ded ey

O = LA dou e,

Oy = L' dd e e

O = L'd*Quirréa (7

And there arve 40 operators with = 11:



On = {L'L L Qut H™ H it umtin, L L L e @yt H™ H e jimtin )

O = L L L L et H H™ iy

Oy = LIL Lo Gude H H ™ ey o

O = {L' P EQ EH™ Hitutim, L'IQ*dEQ O H™Hitjmeu}

Oz = L' QU Qu H ™ H" bty

O = {L QP EL e H H e penm, LG LeH H cucim)

O = (L' PQ*EQdH H™ tyiepm, L' UPQ " QudH' H™ ey jun}

O = (L PQ* Qe H B, LLAQ d Qi l By,
LA QuicH B )

Oag = {L' QM Qi H H™ ey, L' Q" Qe H H™ 506510 )

Ow = {L' LieQuue H Hleyy, LA Lot QuueH  Hejpe e}

Ou = {L'IHQdQuieH Hley, L' Qud*QuusH" H'eeye™™ )

Oy = {L'FQaQuicH* A, L' Q, Q= H* Hee™)

Ouy = EEL e H* Hlejuey

Oy = EEL QP d H Hl ey

Oy = e Lie" Qe H H en

O = EEQ AP d H H ey

Oy = ere= QP d"QucH? H ey,

Oun = EEQQurH H

O = {L L DL L H H s, L LLLL, L H™H e e,
LD LL H " Hepeny, L'PLLE L H™H cyeumeme™)

Q= {L' L L H " H tgner, L' LA LG H™ H €t
LG L H  H e jmesn, L L*Q LiQ o H™ H" it
LAL*Q'LQ.H"H ejteun, L' L*Q'LWQH™H esu61,



DAL QL O H  H e, LELQ LaQuH™ H™ 56,
L LM L O HP Hopeggeue™, L L LMQ Lo Qn HP Hiepeigezue™ }

Ou = (L' LA L H e e, LD L d LideH H" etk }

O = (L' L L H H e, LPLF L u Lo H H™ €€ }

Oup={L' P LELwH Biep, LD LLycH Hiew,
LA Lot L ™ Hegeame™)

Ou = (L Q¢ Q¢ H H eyewm,  L'LQ " Que H H™ eitjm,
L Q e Qi H H e ey, L' EQ e Qi H H™ €t}

Oy = L L e d*ded B H'eae

Oup = L' L e u et HY H et

O = {L Q' Q.G H " H  epmern, L' LQ Q' QQu H™ H" et
QO H™ H i, L LQ QG H™ H" ejutsn
L QQQuH™ H ey, L' Q@ QuQnH™H" 610,
LUQ*Q QuQuH " H euesn, LIQQ'QQ H™ H €t merne™
LGP 0,0,H" H eutimene™, LLIQQQQH"H eyt jutire™}

O = L A d*deds H* H' ey

Ou = L' PdudaH B eaey

Oy = L' LAddedeus H Hie g

O = L' vtutaeas HE H e

Dy = LiLAad u weucH" Hej,

gy = L LA B,

Ou = { L Q Qi H H  €jehan,  L'QQ Qi H H™ ittirn,
L Q EQE H H iz, L'QIQ " Quer H H™ €60 }

O = {L'QPO Qe H Hey,  L'QQ;QuésE=HH'ey,

10



L'QQub e " Heeqe™ }
Oy = LIP & derdeH" H'ejey
O = L'd*Qieerde H H
g = L QucerucH H ey
O = L' dd ezl ey
O = L'dQsucesic 1 B, {8)

III. RENORMALIZABLE MODELS OF NEUTRINO MASS

The classification of the effective AL = 2 operators given in the previous section can
ke guite useful in building renormalizable models of neutrino mass. We shall describe in
thiz section how to systematically identify from these operators intersting neutring mass
maodels. We will see that this method reproduces several well-known models. More interest-
ingly, many new models of neutrino mass will be uncovered. While we will not present an
eochaustive discussion of all these new models, we will outline the most interesting features

for neutringe mass and phenomenology in several of these models.

A. Tres-level neutrino mass models

The operator O of Egq. (3) can generate small neutrine measses ot tree level The
simplest way to induce @) is by the seesaw mechanism. As shown in Fig. 1, @ will result
after the heavy felds N 3 are integrated out. Here V) denotes the familiar SU({2);, singlet
right—handed newtrines. It is also possible to induce Oy using Ny, which are SU(2), triplets
and have zero hypercharge [9].

In Fig. 2, we show an alternate way of inducing &, by the exchange of an SU{2}; triplet
scalar @y which carres ¥ = +1. The neutral component of $3 will receive an induced
vacuum expectation value (VEV) through its trilinear coupling with the Standard Model

Higgs doublet. This is sometimes referred to as the Type II seesaw mechanism |10, which

11
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